Cerebellar ataxia is sometimes seen after severe closed head injury. A postmortem study in one case many years after injury showed focal damage to the superior cerebellar peduncle (SCP) after severe head injury,' and a few neurosurgical cases of SCP damage in ataxic patients with head injury have also been reported.2 The SCP is anatomically vulnerable due to its exposed location in the roof of the fourth ventricle, and it carries all of the ascending output of the cerebellum to the red nucleus and contralateral motor cortical areas. The brain damage underlying ataxia in living patients, and the associated movement patterns have, however, not generally been related to measures of ataxia in sufficient detail to clarify the role of these cerebellocortical pathways in normal motor control. A recent study has established the role of MRI in investigating degenerative ataxias,3 but has focused on measures of the cerebellar cortex rather than the peduncles.
We therefore studied patients with pronounced ataxia after severe head injury, to investigate whether damage to the SCP could be shown by MRI, and to relate such damage to the patients' movement disorder.
Methods
Five patients were recruited from among the present and former inpatients at Rivermead Rehabilitation Centre. All had had a closed head injury, and all had cerebellar type ataxic signs (for example, kinetic tremor in fingernose pointing and intermittent smooth pursuit eye movements). Four normal controls, who were roughly age matched with the patients, were also studied. Local ethics committee approval was obtained. One further control subject performed visuomotor tracking, but was not scanned.
All patients were examined by a neurologist who confirmed cerebellar type ataxic signs. Formal measures included the Rivermead mobility index,4 the time taken to walk 10 m,5 the 10 hole peg test of manual dexterity,6 the short orientation memory-concentration test,7 a modified Wisconsin card sorting test,8 and verbal fluency (number of words over three one minute periods).9 Four of the five patients were examined by an orthoptist, who also recorded the patients' eye movements.
Visuomotor tracking was measured in patients and controls with standard procedures described elsewhere'0: the subject rotates a lever by wrist flexion and extension through 450, trying to superimpose a cursor spot on a target spot, moving at one of five constant velocities (11 25-21 33°/s) across a visual display unit. The target spot moved through about 200 of visual angle on each ramp. The experimenter verified that the subjects fixated the screen, and did not look at their moving hand. To investigate the relative importance of visual guidance and predictive control in patients and controls, we blanked out either the target or the cursor halfway through each ramp in some blocks of trials, asking the patient to continue tracking as accurately as possible." Tracking performance was measured by calculating the errors between the positions of the target and the patient's cursor, and between the velocities of target and cursor. Velocity errors are particularly sensitive to intermittency and tremor in tracking.
Patients and controls were scanned using axial and coronal slices in a T2 FSE sequence on a 1 *5 T GE Signa MRI scanner. All scans were inspected and reported by a radiologist. Axial scans were taken parallel to the anterior commissure-posterior commissure line in each patient and control. Coronal scans were parallel to the scanner table. Axial and coronal slices were 3 mm thick, without intervals. Quantitative measures obtained from the MRI included the volume of the cerebellum relative to the posterior fossa, the height of the fourth ventricle, and the area of a single slice through the cerebral cortex, at the level of the lateral ventricles, relative to the subdural area. We also measured the widths of the middle cerebellar peduncle and superior cerebellar peduncle in axial images. These correspond to the number of fibres entering the cerebellum in the corticocerebellar pathways and leaving in the cerebellocortical pathways. ventriculomegaly. The patients with the greatest degree of atrophy (1, 5) had the greatest elapsed time since the initial injury.
Results
As well as atrophy, all scans were inspected by a neuroradiologist for focal pathology. Unilateral focal damage to the SCP was seen in three of the five patients (3, 4, and 5). Unilateral focal damage to the cerebral peduncles on the same side was seen in two of these patients (3 and 4). Patient 2 showed evidence consistent with an old haemorrhagic contusion in the inferior aspect of the left temporal lobe. Quantitative measures of cerebellar and cortical atrophy were made interactively by computer. Figure 3 shows threshold coronal sections through the cerebellar cortex in a typical patient and a control.
Differences in degree of atrophy between the two sides of the cerebrum or cerebellum were negligible, so combined bilateral measures were used for statistical analysis. Table  2 shows the results. Because of natural intersubject variability in the size of cerebellum, we performed statistical tests on the ratio of the cerebellar volume to the entire outline of the posterior fossa, and on the ratio of the area of cerebrum to the entire subdural area in a single axial slice at the level of the lateral ventricles. Multivariate analysis of variance (MANOVA)'2 of the cerebellar and cerebral ratios showed a significant difference between Figure 1 Typical samples of visuomotor tracking in a control subject and in each patient (1) (2) (3) (4) (5) Path length is the mean distance travelled compared with perfect tracking; residual power is the power in the frequency spectrum of tracking velocity minus the target contribution; normal v suppressed errors are the mean errors over corresponding tracking segments in trials with full display v trials in which either the target or the cursor was suppressed.
*P < 0 05; **P < 00 01 (t test), df = 4).
patients and controls (F(2,6) = 34 04, P = 0 0006). Standardised canonical coefficients (SCCs) showed a 61% greater contribution of cerebellum score (SCC = 2 069) than of cerebrum (SCC = 1-2820) to the intergroup difference. That is, the atrophy is more pronounced in the cerebellum than in the cerebrum. Figure 4 shows enlarged portions of axial slices containing the SCP and MCP in typical patients and controls, together with width markings. Table 3 shows individual widths, together with the number of slices used for each measurement. The MCP was somewhat smaller in the patients, averaging 74% of its width in controls. The SCP was greatly damaged, however, reaching only 40% of its control width. The images in fig 4 show those slices that scored closest to the mean value for each measurement. A MANOVA of the MCP and SCP widths showed a significant difference between patients and controls (F(2,6) = 24-0289, P = 0 0014). The SCCs showed a 155% greater contribution of the SCP (SCC = 2 073) than of the MCP (SCC = 0-812) to the intergroup difference, indicating disproportionate damage to the SCP.
Taken together, our MRI measures indicate that damage was more pronounced in the cerebellum than in the rest of the cerebrum, and was much greater in the SCP than in the MCP. We are not aware of any neurologically relevant history in the patients, other than head injury, which could explain these findings. Further, none of the patients had any substantive abnormal history of drug or alcohol misuse, or any other factor likely to cause cerebellar atrophy. Thus although the effects of severe head injury are normally quite diffuse, we have been able to show specific focal effects in the cerebellum and in the cerebellocortical pathway in patients with ataxia.
By contrast with the cerebellar volumes, Figure Time (s) 
Discussion
We have found specific damage to the cerebellocortical pathway in the superior cerebellar peduncle in five ataxic patients with head injury. The SCP seems to be more vulnerable than the MCP because of its smaller size and exposed situation. This study concentrated on patients selected by virtue of their evident long lasting ataxia and ability to cooperate. Consequently it cannot rule out the possibility that the SCP is damaged in other patients, who are not ataxic. Statistical comparison between normal subjects and controls showed that the patients' SCP was more affected than the MCP. In addition, the cerebellum was more affected than the cerebrum. This shows that severe head injury can have focal effects on the cerebellocortical pathway. Our measures of peduncle width probably reflect a combination of primary contusion with shear injury, and secondary atrophy. Although we cannot be certain that shear injury has occurred in these patients, we note that focal lesions and degeneration of the SCP have previously been found postmortem in a group of patients who survived diffuse axonal injury for at least 60 days.'314 Our volumetric measures of the folia of the cerebellar cortex, however, showed secondary atrophy in patients with SCP damage, even when the cerebellar input via the MCP was relatively spared. Further, the atrophy was most obvious in the two patients seen more than 10 years after head injury. This is consistent with a mechanism of retrograde degeneration, possibly due to the inability of the cerebellum to send normal output to the cortex.
Visuomotor tracking data showed that damage to the cerebellocortical pathway in these patients was associated with profound kinetic tremor. The frequency of their tremor, which ranged from 0O8 to 1-5 Hz, was commensurate with visual feedback delays in visuomotor tasks.'0 When visual feedback of the patients' current position was removed by suppressing the cursor or target spot, this tremor was reduced, producing smoother movements. In the two patients with faster, more violent tremor, cursor suppression reduced the tremor significantly without abolishing it entirely. Patients also tended to diverge gradually from the correct track when the cursor was suppressed, but not when the target was suppressed. This gradual divergence suggests that the patients could not adequately represent their wrist position or velocity in the absence of visual feedback. These results suggest that the intact SCP carries a predictive representation of limb position and velocity, which is necessary for fine motor control. The finding that all patients had abnormal eye movements is consistent with previous observations that patients with ataxia seen soon after injury have a worse prognosis for recovery if abnormal eye movements are present. '5 This would suggest that persistent ataxia, as seen in these five patients, is associated with more extensive local brain stem damage.
Further studies are needed to investigate this relation in more detail. At present we can conclude that the presence of ataxia long after severe head injury is often associated with damage to the superior cerebellar peduncle; but the strength and importance of this association needs further investigation. funding. We are grateful to the patients and normal subjects for their cooperation.
